Introduction
============

In the past decades, nanoparticle-based drug delivery systems (DDSs) have shown promising impact on cancer treatments due to the improved performance of the carried drugs as a result of better pharmacokinetics and biodistribution profiles of the drug.[@b1-ijn-10-6709]--[@b5-ijn-10-6709] This is achieved because nanoparticle-based carriers can easily be modified according to the demand to realize, for example, spatial and temporal control of drug delivery and release, which finally improves the drug efficiency.[@b6-ijn-10-6709],[@b7-ijn-10-6709] Furthermore, a nanoparticle's surface can be functionalized with targeting molecules such as arginine-glycine-aspartic acid (RGD), folic acid, or antibodies to improve drug delivery to target tumor cells, which additionally will reduce the side effects of drugs reaching healthy cells.[@b1-ijn-10-6709],[@b8-ijn-10-6709]--[@b10-ijn-10-6709]

In general, most nanoparticles are internalized via endocytosis and end up in endo/lysosomal compartments,[@b11-ijn-10-6709],[@b12-ijn-10-6709] which are rather acidic (pH 4.5--5.5) in nature compared with the extracellular environment (pH 7.4).[@b13-ijn-10-6709] Furthermore, some tumors are slightly more acidic than healthy tissue or the blood.[@b14-ijn-10-6709],[@b15-ijn-10-6709] Taking advantage of such differences, a DDS with an internal trigger (pH) can be designed to perform drug release only inside tumor cells, which will have a great impact on the availability of the drug to cancer cells.[@b2-ijn-10-6709],[@b16-ijn-10-6709]--[@b20-ijn-10-6709] Tracking the whole process (eg, with fluorescence) is crucial not only to biologically characterize the performance of the nanomaterial (ie, uptake, drug release, metabolism, the fate of the carrier and of the drug, etc), but also to provide metrics for the efficacy of the treatment response.[@b21-ijn-10-6709],[@b22-ijn-10-6709] Traditionally, semiconductor quantum dots with excellent intrinsic tunable fluorescence properties compared with organic fluorophores have been widely used in bioimaging.[@b6-ijn-10-6709],[@b7-ijn-10-6709] Recently, semiconductor quantum dots have also been used as traceable DDSs.[@b6-ijn-10-6709],[@b7-ijn-10-6709],[@b23-ijn-10-6709]

Carbon-based nanomaterials, such as fullerene, carbon nanotubes, and graphene (or graphene oxide \[GO\]) have been widely used as light-emitting diode materials and as efficient visible light-active photocatalysts, because of their unique mechanical, electronic, and optical properties.[@b24-ijn-10-6709]--[@b27-ijn-10-6709] In addition, in the biomedical field, the use of carbon-based materials as biosensors, imaging probes, and DDSs is increasing.[@b26-ijn-10-6709],[@b28-ijn-10-6709] With regard to drug delivery, carbon nanotubes are the most investigated materials due to their excellent loading capabilities.[@b26-ijn-10-6709],[@b28-ijn-10-6709]--[@b31-ijn-10-6709] However, the potential use of GO as a DDS has recently received increased attention.[@b32-ijn-10-6709]--[@b35-ijn-10-6709] For example, Sun et al not only demonstrated the potential of GO as a DDS for the pH-sensitive release of doxorubicin (Dox) into cancer cells, but also specified the concomitant use of this material as an imaging agent.[@b34-ijn-10-6709] Regardless of this first proof-of-concept, carbon nanotubes and GO lack or have very low fluorescence efficiencies, which limit the tracking of these materials within complex living organisms and even within individual cells. Furthermore, due to the relatively large sizes of carbon nanotubes and GO, in vivo applications where the carrier can end up in the circulatory system might be compromised due to the high risk of blocked arteries.

Graphene quantum dots (GQDs) are a new type of carbon-based nanomaterial. They are considered as the next generation of green nanomaterials with enormous potential as biocompatible imaging probes due to their unique optical properties.[@b36-ijn-10-6709],[@b37-ijn-10-6709] In the same way as semiconductor nanocrystals, GQDs have tunable emission peaks[@b37-ijn-10-6709] and can be conjugated with different functional blocks to impart multifunctionality to the nanomaterial. Furthermore, the presence of more active groups for the attachment of bioactive molecules (eg, drugs) than in the case of carbon nanotubes makes them ideal carrier probes for the simultaneous treatment and tracking of cancer cells.

Based on this gap in knowledge, a multifunctional GQD-based DDS for the simultaneous tracking and targeted treatment of prostate cancer cells was fabricated ([Figure 1](#f1-ijn-10-6709){ref-type="fig"}). First, the targeting possibilities are provided by RGD peptides covalently linked to the surface of the GQDs. These peptides specifically bind to "αvβ3" integrins, which are overexpressed in cancer cells.[@b38-ijn-10-6709] Second, a well-known anticancer drug, Dox, is loaded into the GQDs, taking advantage of the excellent absorption properties of carbon nanomaterials.[@b29-ijn-10-6709]--[@b35-ijn-10-6709] Third, the intrinsic fluorescence properties of the GQDs allow the surveillance of the whole process of internalization, intracellular distribution, and release. Finally, the acidification of the internalizing vesicles will trigger the release of Dox from the GQDs. The fluorescence of Dox will help in monitoring the drug release process and the fate of the drug.

Materials and methods
=====================

Synthesis of GO
---------------

GO was prepared from graphite using an improved synthesis method.[@b37-ijn-10-6709] Briefly, a mixture of concentrated H~2~SO~4~--H~3~PO~4~ (360:40 mL) was added to a mixture of 3.0 g graphite flakes (Alfa Aesar, Ward Hill, MA, USA) and 18.0 g KMnO~4~. The reaction was heated to 50°C and stirred for 12 hours, then cooled to room temperature and poured onto \~350 g ice chips. Then, 3.0 mL of 30% H~2~O~2~ was slowly added to obtain a bright yellow dispersion. The suspension was then centrifuged (4,000× *g* for 4 hours), and the supernatant was decanted away. The obtained deposit was washed repeatedly with deionized water and then dialyzed (molecular weight cutoff \[MWCO\] \~3,000) for 2 weeks to obtain a clear dispersion of GO. Finally, the GO suspension was lyophilized at −60°C for 12 hours. GO was characterized by atomic force microscopy (ScanAsyst-enabled Dimension Icon, Bruker Corporation, Billerica, MA, USA) and Raman-scattering spectroscopy (Horiba Jobin Yvon LabRAM HR, Horiba Ltd., Kyoto, Japan).

Synthesis of GQDs
-----------------

GQDs were synthesized using the method by Zhu et al, with a little modification.[@b37-ijn-10-6709] GO was dissolved in *N*,*N*-dimethylmethanamide (DMF) with a concentration of 150 mg/10 mL. The GO--DMF solutions were placed under ultrasonication for 30 minutes and then transferred to a polytetrafluoroethylene container in a stainless autoclave (30 mL), and heated at 200°C for 5 hours. Then, the reactors were cooled to room temperature naturally. The product was filtered using a 220-nm filter (Merck Millipore, Billerica, MA, USA). A brown transparent suspension containing the GQDs was obtained. The solvent of the suspension was removed with the aid of a rotary evaporator. The final products were dissolved in phosphate-buffered saline (PBS) with a concentration of 5 mg/mL. The GQDs were characterized using a fluorescence spectrophotometer (Hitachi F-4500, Hitachi Ltd., Tokyo, Japan) in the solution. They were dropped onto a cover glass and an ultrathin carbon supporting film and examined using high-resolution transmission electron microscopy (JEM2100F, JEOL, Tokyo, Japan). GQD powder was also characterized using Fourier transform infrared spectroscopy (Nicolet Nexus 670; Thermo Fisher Scientific, Inc, Waltham, MA, USA).

Modification of GQDs with RGD
-----------------------------

The combination between amino group-terminated RGDyk and carboxyl group-containing GQDs was realized by the 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide and *N*-hydroxysuccinimide (EDC/NHS) coupling reaction. Briefly, 4 mg of EDC and 6 mg of NHS were added into 5 mL of GQD PBS solution under stirring. After adding 5 mg of RGDyk (RGD, SBS Genetech, Beijing, People's Republic of China) into the solution, the reaction was performed for 2 hours under stirring at room temperature. Then, the final solution was dialyzed (MWCO \~500--1,000) for 48 hours (dialysate was replaced every 6 hours) to remove residual EDC and NHS molecules.

Dox loading and release from GQDs
---------------------------------

Five milliliters of Dox solution with a concentration of 1 mg/mL was added into the GQD solution (or the obtained RGD-modified GQD solution) under stirring. After 24 hours of reaction, the solution was dialyzed (MWCÔ500--1,000) in PBS for 48 hours (dialysate was replaced every 6 hours) to remove unloaded Dox molecules. The Dox-loading content was quantified by ultraviolet-visible spectroscopy. The pH-responsive Dox release behavior was studied using a fluorescence spectrophotometer (Hitachi F-4500, Hitachi Ltd.). Dox release from the GQDs at pH =5 was performed as follows: 5 mL of Dox-loaded GQDs was transferred into a dialysis tube (MWCO \~500--1,000), then the tube was immersed into 50 mL of an acetate buffer (pH =5) bath at 37°C. At each time point, the outer dialysate was collected and replaced with fresh acetate buffer. Dox release at pH =7.4 was similar, except that the dialysate buffer was changed to PBS (pH =7.4) solution. The Dox release was analyzed by fluorescence spectroscopy at 590 nm.

Cell culture
------------

DU-145, PC-3, and MC3T3-E1 cell lines were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, People's Republic of China) and cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, product line of Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (HyClone, Waltham, MA, USA), and 1% penicillin and streptomycin. Cells were maintained in a humidified atmosphere of 5% CO~2~ at 37°C. The culture medium was changed every 2 days. Cell experiments were approved by the ethics committee of Shandong University.

Cytotoxicity evaluation
-----------------------

Cells (1×10^4^) were seeded in 96-well plates and incubated for 24 hours in RPMI 1640 medium. After washing the cells twice with PBS, fresh medium or medium containing quantum dots at different concentrations, or free Dox, Dox-loaded GQDs, or Dox-loaded RGD-modified GQDs at different Dox concentrations was added into the plate wells and incubated for 24 hours. Thereafter, we replaced the growth medium with RPMI 1640 containing 10% Cell Counting Kit-8 (Dojindo Molecular Technology, Kumamoto, Japan) solution to quantitatively evaluate the cell viability. After 4 hours of incubation at 37°C, the medium containing water-soluble formazan dye, which has an absorption at a wavelength of 450 nm, was assayed by a microplate reader (Multiscan MK3; Thermo Fisher Scientific, Waltham, MA, USA). Five parallel replicates were used for each sample. The cell viability of the GQDs was further assessed using a LIVE/DEAD^®^ Viability/Cytotoxicity Kit (Invitrogen™; Life Technologies, Carlsbad, CA, USA). The kit can quickly discriminate live from dead cells by simultaneously staining with green-fluorescent acetomethoxy calcein ester (calcein-acetoxymethyl ester) to indicate the intracellular esterase activity and red-fluorescent ethidium homodimer-1 to indicate the loss of plasma membrane integrity. After 24 hours of incubation with GQDs at a concentration of 200 µg/mL, the culture medium was removed. Then, 200 µL of LIVE/DEAD stain was added per well and the wells were incubated for 30 minutes at 37°C. Finally, the samples were observed using a fluorescence microscope.

GQD distribution in cells
-------------------------

The GQD distribution in cells was evaluated by staining cell lysosomes using LysoTracker^®^ Red DND-99 (Invitrogen). Cells (1×10^5^) were seeded on glass coverslips and cultured for 24 hours with normal culture medium. Then, the culture medium was replaced with a new medium containing 200 µg/mL GQDs. After 16 hours of incubation, the glass coverslips were washed three times with PBS, stained with LysoTracker Red DND-99 for 30 minutes, and washed with PBS for fluorescence imaging by a confocal laser scanning microscope (CLSM, TCS SP8, Leica Microsystems, Wetzlar, Germany) at excitation wavelengths of 405 and 543 nm.

Observation of Dox release from GQDs in cells
---------------------------------------------

First, cells (1×10^5^) were seeded on glass coverslips and cultured for 24 hours with normal culture medium. Then, the culture medium was replaced with culture medium containing free Dox, Dox-loaded GQDs, or Dox-loaded RGD-modified GQDs at a Dox concentration of 2.5 µg/mL. After incubation for different times, the glass coverslips were washed three times with PBS, and subjected to fluorescence imaging using a CLSM (TCS SP8). To avoid the influence of fluorescence cross-talk between the GQDs and Dox, the GQDs were excited by a 405 nm laser and signals were collected from 480 to 520 nm, and Dox was excited by a 488 nm laser and signals were collected from 600 to 650 nm. For DAPI (4′,6-diamidino-2-phenylindole) staining experiments, before imaging by CLSM, cells were first incubated with DAPI (Invitrogen) for 10 minutes.

Results and discussion
======================

Synthesis and characterization of GQDs
--------------------------------------

Decomposition of GO (characterization of GO in [Figure S1](#SD1-ijn-10-6709){ref-type="supplementary-material"}) in DMF by a solvothermal method produces highly fluorescent GQDs.[@b37-ijn-10-6709] The nanoparticles have good colloidal stability in physiological media such as PBS, which is characterized by a high ionic strength, and form a transparent solution with a yellow color ([Figure 2A](#f2-ijn-10-6709){ref-type="fig"}). Under UV light irradiation, the color of the GQD dispersion changes to blue--green. The photoluminescence (PL) spectra ([Figure 2B](#f2-ijn-10-6709){ref-type="fig"}) show that when excited at wavelengths from 365 to 420 nm, the GQD dispersion exhibits a strong peak at 510 nm, indicating the size uniformity of the GQDs. However, when excited at higher wavelengths (450 and 488 nm), the PL peak redshifts to 527 and 550 nm, respectively, and the PL intensity decreases remarkably, while under 499 and 543 nm excitation, the GQDs showed almost no fluorescence. Furthermore, the GQDs showed good fluorescence stability at different pH values from 3 to 11 ([Figure 2C](#f2-ijn-10-6709){ref-type="fig"}). Transmission electron microscope images ([Figures 2D](#f2-ijn-10-6709){ref-type="fig"} and [S2](#SD2-ijn-10-6709){ref-type="supplementary-material"}) showed that the GQDs were well dispersed with uniform lateral size, whereas the high-resolution transmission electron microscopy image and the corresponding fast Fourier transform pattern indicated that the GQDs contained a good crystalline graphene structure ([Figure 2D](#f2-ijn-10-6709){ref-type="fig"}). Their average size determined on a typical transmission electron microscope image ([Figure S2A](#SD2-ijn-10-6709){ref-type="supplementary-material"}) was 4.0±0.9 nm ([Figure 2E](#f2-ijn-10-6709){ref-type="fig"}). The Fourier transform infrared spectrum in [Figure 2F](#f2-ijn-10-6709){ref-type="fig"} shows that the GQDs contain many chemical groups, including --OH, C=O, epoxy/ether, and --CO--NR~2~. The nitrogen elements appearing in the spectrum originate from DMF during the decomposition of GO.[@b37-ijn-10-6709] The presence of such a variety of functional groups can explain why the GQDs have good solubility and excellent fluorescence properties. Furthermore, these functional groups clearly facilitate the post-modification of the GQDs, for example, with targeting moieties and/or drugs, for the fabrication of a multifunctional DDS.

Biocompatibility of GQDs
------------------------

The toxicity of the as-synthesized GQDs was evaluated in two prostate cancer cell lines, DU-145 ([Figure 3A--C](#f3-ijn-10-6709){ref-type="fig"}) and PC-3 ([Figure 3D--F](#f3-ijn-10-6709){ref-type="fig"}), by Cell Count Kit-8 and the LIVE/DEAD Viability/Cytotoxicity Kit. As shown in [Figure 3A](#f3-ijn-10-6709){ref-type="fig"}, the threshold for toxicity in the DU-145 cells is 100 µg/mL. Below this threshold, no signs of impaired viability can be observed, however, above this threshold, the cell viability decreases with increasing concentration. Nevertheless, at concentration values as high as 400 µg/mL, the cell viability is still nearly 80% compared with untreated cells. Exposure of PC-3 to GQDs shows the same trend ([Figure 3D](#f3-ijn-10-6709){ref-type="fig"}). Using a two-color fluorescence viability assay for the simultaneous discrimination of live and dead cells, other toxicity markers, such as membrane damage and esterase activity, can be measured in parallel. Exposure for 24 hours of both cell lines, DU-145 ([Figure 3B and C](#f3-ijn-10-6709){ref-type="fig"}) and PC-3 ([Figure 3E and F](#f3-ijn-10-6709){ref-type="fig"}) to 200 µg/mL GQDs had almost no effect on the viability of both cell types. These can be assessed for enhanced esterase activity (live cells labeled in green, dead cells labeled in red) compared with reduced membrane damage. These results demonstrate that the GQDs are quite viable for both cell types and therefore, provide an ideal platform for biomedical applications.

The good biocompatibility associated with their good optical properties makes these particles ideal candidates for particle tracking. In this way, the uptake and distribution of GQDs inside the cells can easily be monitored by fluorescence microscopy. The fluorescence microscopy images show plenty of particles that have been taken up by the cells ([Figure S3](#SD3-ijn-10-6709){ref-type="supplementary-material"}).

Drug loading and pH-triggered release
-------------------------------------

Dox adsorption by GQDs was assessed via ultraviolet-visible spectroscopy, taking advantage of the spectral resolution of the absorption peaks of Dox and GQDs. Both systems, Dox-GQDs and Dox-RGD-GQDs, exhibited a characteristic absorption peak at 481 nm, corresponding to free Dox, and a sharp absorption around 300 nm originating from the GQDs ([Figure 4A](#f4-ijn-10-6709){ref-type="fig"}). These results indicated that Dox is successfully loaded onto the GQDs and RGD-GQDs. The amount of loaded Dox was determined with the help of a calibration curve ([Figure S4](#SD4-ijn-10-6709){ref-type="supplementary-material"}). The amount of Dox contained within Dox-GQDs and Dox-RGD-GQDs was 109 µg/mg and 101 µg/mg GQDs, respectively ([Table S1](#SD9-ijn-10-6709){ref-type="supplementary-material"}). The PL spectrum of the Dox-RGD-GQDs also supports this conclusion ([Figure 4B](#f4-ijn-10-6709){ref-type="fig"}). When the Dox-RGD-GQDs were excited at 400 nm, there was a strong emission at 510 nm corresponding to the GQDs ([Figure 2C](#f2-ijn-10-6709){ref-type="fig"}), whereas at 499 nm excitation, there was an additional emission peak around 590 nm, which was caused by Dox ([Figure S5](#SD5-ijn-10-6709){ref-type="supplementary-material"}). Summarizing, Dox-RGD-GQDs (or Dox-GQDs) give two fluorescence emission peaks around 480--530 nm (excitation at 400 nm) and 550--630 nm (excitation at 499 nm) that are caused by the GQDs and Dox, respectively. This provides a basis for the simultaneous tracking of the drug carriers on their way into cells and the drug release behavior from the carriers inside the cells.

The cytosol of the cells has a pH value of around 7.4, whereas the endocytic vesicles, where the particles are entrapped upon internalization, have a lower pH that can reach values of 4.5--5.50.[@b13-ijn-10-6709] Furthermore, if in vivo applications are envisaged, some tumors are characterized by a slightly more acidic environment than healthy tissue or blood.[@b11-ijn-10-6709],[@b12-ijn-10-6709] Therefore, using pH as a trigger for the controlled release of anticancer drugs appears highly advantageous but also feasible.[@b16-ijn-10-6709]--[@b20-ijn-10-6709]

Dox-RGD-GQDs were dialyzed in PBS (pH 7.4) for 48 hours to remove unloaded Dox. Quantification of the Dox release from the GQDs was performed with help of a calibration curve ([Figure S6](#SD6-ijn-10-6709){ref-type="supplementary-material"}) under acidic conditions (acetate buffer at pH 5) and alkaline conditions (PBS pH 7.4), mimicking the environment of intracellular vesicles or of the cytosol, respectively. The results shown in [Figure 5](#f5-ijn-10-6709){ref-type="fig"} indicate the same behavior for the release of Dox from the Dox-RGD-GQDs, but with different amounts of Dox depending on the pH. At both pH values, there is a continuous release with time and a plateau is reached after 72 hours. However, at neutral pH (7.4), the release increases slowly, reaching a maximum value of 13%. This might be due to uncontrolled release of Dox due to non-covalent binding to the GQDs.[@b39-ijn-10-6709],[@b40-ijn-10-6709] On the other hand, under acidic conditions (pH 5), the release significantly increases within the first hours, reaching a maximum value of nearly 60% after 72 hours.

There are two main reasons for the high release at pH 5.0 and the relatively low release at pH 7.4. One is attributed to the increased hydrophilicity and solubility of Dox at pH 5.0.[@b35-ijn-10-6709],[@b39-ijn-10-6709] The other is the different degree of hydrogen-bonding interaction between Dox and the GQDs under different pH conditions.[@b29-ijn-10-6709],[@b30-ijn-10-6709],[@b40-ijn-10-6709] Under acidic conditions, the hydrogen-bonding interactions between the H^+^ in the solution and the --COOH, --OH, and --NH~2~ groups of the GQDs and the --OH and --NH~2~ groups of Dox are stronger than those occurring at neutral pH. At low pH (high H^+^ concentration), the NH~2~ groups of Dox and the GQDs interact with the H^+^ of the environment to form NH~3~^+^ and therefore they are not available to participate in the stabilization of Dox within the GQDs. This weakens the Dox-GQDs hydrogen-bonding interactions in favor of a steady release of Dox.

The results show the possibility of using pH as an internal trigger for GQDs to efficiently perform drug release; however, the in vitro demonstration still needs to be verified.

Cellular distribution of GQDs
-----------------------------

Before assessing the in vitro release of Dox from Dox-RGD-GQDs, the uptake and fate of the particles was studied. The cells were exposed to the fluorescent lysosomotropic marker, LysoTracker Red DND-99, in combination with the fluorescent particles. By identifying the location of both fluorescence signals, the fate of the particles can be elucidated. Considering the cross-talk signals between Dox and the lysosomal marker, bare GQDs were tested for their distribution within the cells. As shown in [Figure S7](#SD7-ijn-10-6709){ref-type="supplementary-material"}, the GQDs are effectively internalized by both cell types and exhibited a perinuclear distribution pattern. Due to the colocalization of the fluorescence signal from the GQDs with the signal from the lysosomotropic marker, the final fate of the particles was concluded to be the lysosomes. These results verify the acidic environment of the particles necessary to trigger the Dox release from the GQDs.

Lethal effect of Dox-RGD-GQDs
-----------------------------

Once the uptake of GQDs, the localization in acidic vesicles, and the use of pH as a trigger for the release of Dox from the GQDs was established, the performance of the GQD-based DDS was evaluated in vitro in model prostate cancer cell lines. To this end, DU-145 and PC-3 cells were exposed to Dox-RGD-GQDs and for comparison, also to Dox-GQDs and free Dox. Dox release was assessed by measuring the degree of cell death. As shown in [Figure 6A and B](#f6-ijn-10-6709){ref-type="fig"}, all systems showed a concentration-dependent toxicity induced by Dox. The highest concentration (5 μg/mL) of Dox corresponds to about 50 µg/mL GQDs ([Table S1](#SD9-ijn-10-6709){ref-type="supplementary-material"}), which is in the safe region of the viability assay performed in [Figure 3](#f3-ijn-10-6709){ref-type="fig"}; thus, a toxic effect derived by GQDs can be excluded. Dox-GQDs and Dox-RGD-GQDs showed a slightly lower lethal effect compared with free Dox. This can be attributed to the diffusion abilities of free, but not of conjugated Dox,[@b41-ijn-10-6709],[@b42-ijn-10-6709] which accelerates the internalization of Dox and its availability inside the cells. [Figure 6A and B](#f6-ijn-10-6709){ref-type="fig"} also show a consistently higher lethal effect for Dox-RGD-GQDs than for Dox-GQDs (RGD-free), which could be attributed to the enhanced cellular uptake that the RGD peptides provide to the Dox-RGD-GQDs, thus indirectly confirming the efficacy of RGD to locally accumulate the DDS within cancer cells, thereby facilitating uptake and increasing the availability of Dox to the cells. To further evaluate the targeting ability of Dox-RGD-GQDs for killing cancer cells, a healthy pre-osteoblast cell, MC3T3-E1,[@b43-ijn-10-6709] was used to test the lethal effects of Dox, Dox-GQDs, and Dox-RGD-GQDs. As [Figure 6C](#f6-ijn-10-6709){ref-type="fig"} shows, 2.0 µg/mL free Dox caused about 55% MC3T3-E1 death, with about 40% death for DU-145 and PC-3, which suggests that free Dox caused more damage to healthy cells than to cancer cells. Furthermore, for MC3T3-E1, Dox-GQDs, and Dox-RGD-GQDs showed no significant difference in killing cell behavior, and had an obviously lower lethal effect compared with free Dox, which demonstrated the targeting effect of Dox-RGD-GQDs toward cancer cells and the efficiency of Dox-RGD-GQDs for killing cancer cells while protecting normal cells.

Monitoring drug release inside cells
------------------------------------

One extra advantage that GQDs add to this novel DDS is the possibility to track the particles and the cells in a safe and reliable manner due to their biocompatible nature and their optimal optical properties. In this regard, not only the GQDs but also Dox release (due to their inherent fluorescence) could be tracked ([Figure 7](#f7-ijn-10-6709){ref-type="fig"}). Dox is toxic upon intercalation with DNA and therefore performs its action in the nucleus. The free Dox PL spectrum and internalization within DU-145 and PC-3 is shown in [Figures S3](#SD3-ijn-10-6709){ref-type="supplementary-material"}, [S5](#SD5-ijn-10-6709){ref-type="supplementary-material"}, and [S7](#SD7-ijn-10-6709){ref-type="supplementary-material"}. Free Dox reached the nuclei of DU-145 and PC-3 after 2 and 8 hours of incubation ([Figure S8](#SD8-ijn-10-6709){ref-type="supplementary-material"}). On the other hand, the conjugated Dox of Dox-RGD-GQDs after 2 hours of incubation is outside the cell nuclei and colocalized with the GQDs, indicating that the Dox-RGD-GQDs was digested by the cells and Dox was still not released from Dox-RGD-GQDs ([Figure 7A and D](#f7-ijn-10-6709){ref-type="fig"}). After 8 hours of incubation, as [Figure 7B and E](#f7-ijn-10-6709){ref-type="fig"} show, a little Dox started penetrating the cell nuclei, while the GQDs are still outside the cell nuclei, suggesting that some Dox is released from the Dox-RGD-GQDs. After 16 hours of incubation, more Dox is distributed in the cell nuclei, indicating that more Dox was released from the Dox-RGD-GQDs and penetrated into the cell nuclei ([Figure 7C and F](#f7-ijn-10-6709){ref-type="fig"}). These results confirm the pH-mediated release of Dox from entrapped acidic vesicles (where the GQDs are) to the cytosol and its diffusion to its target site, the nucleus.

To finally confirm the nuclear localization of the released Dox, a fluorescent nuclear marker (DAPI) was used in the same way as described before for the lysosome. As shown in [Figure 8](#f8-ijn-10-6709){ref-type="fig"}, most of the Dox is still in the cytoplasm and is not colocalized with the nucleus after 2 and 8 hours of incubation, while after 16 hours of incubation, a clear overlap between both signals appears. These results confirm the transport of Dox from the cytoplasm of the cell to the nucleus, where it is translocated. It is worth mentioning that DAPI and GQDs are both excited by a 405 nm laser, but the fluorescence intensity of DAPI is higher than that of the GQDs. Therefore, imaging of both markers, GQDs, and the nucleus could not be performed simultaneously. Within the images shown in this work, the GQDs maintained their perinuclear localization over the time frames investigated, while Dox was steadily translocated away from the particles and moved into the nucleus.

Conclusion
==========

In conclusion, this work has demonstrated the fabrication of a multifunctional and biocompatible DDS based on highly fluorescent GQDs for the efficient tracking and treatment of cancer cells in vitro. Modification of the GQD-based DDS with targeting (RGD) peptides facilitated the uptake of GQDs and consequentially enhanced the availability and effect of the carried anticancer drug (Dox). Taking advantage of the dependence of the conjugation of Dox on the GQDs on pH, Dox release was only performed inside the cells. Furthermore, based on the intrinsic fluorescent properties of GQDs (carrier) and Dox (drug), the controlled drug release behavior was successfully monitored and confirmed. Dox was released from the lysosome-entrapped GQDs and translocated to the cell nucleus, where Dox had a lethal effect.

In general, the controlled release of drugs carried within DDSs can improve the performance of drugs by preventing their degradation before reaching their target, and by enhancing the uptake at the target. In this regard, such an approach will certainly diminish unwanted side effects derived by the incorporation of the drug into healthy cells. Moreover, the use of drug carriers may have the potential to bypass multidrug resistance issues because they enter cells via endocytosis, avoiding in this way the cell-surface protein pumps.[@b44-ijn-10-6709],[@b45-ijn-10-6709] In vivo experiments will be carried out in future to further demonstrate the presented proof-of-concept.

Supplementary materials
=======================

###### 

Characterization of GO.

**Notes:** (**A**) AFM images of GO sheets on mica surface. (**B**) Height profile of the AFM image. (**C**) Raman spectrum of GO.

**Abbreviations:** AFM, atomic force microscopy; GO, graphene oxide.

###### 

Transmission electron microscope images of GQDs (**A**, 20 nm; **B**, 10 nm).

**Abbreviation:** GQDs, graphene quantum dots.

###### 

Confocal laser scanning microscope images of DU-145 (**A** and **B**) and PC-3 (**C** and **D**) cells after 24 hours incubation with GQDs at a concentration of 200 µg/mL.

**Notes:** Cells without GQDs were used as a control (**B** and **D**). GQDs were excited under a 405 nm laser. The results showed that under the same confocal laser scanning microscope conditions, cells incubated with GQDs emitted green fluorescence, while cells without GQDs showed no detectable fluorescence.

**Abbreviation:** GQDs, graphene quantum dots.

###### 

Ultraviolet-visible calibration curve of free Dox.

**Abbreviation:** Dox, doxorubicin.

###### 

PL spectrum of Dox excited at wavelengths of 488 and 499 nm.

**Abbreviations:** Dox, doxorubicin; PL, photoluminescence.

###### 

PL calibration curve of free Dox.

**Abbreviations:** Dox, doxorubicin; PL, photoluminescence.

###### 

Confocal laser scanning microscope images of DU-145 (**A**, **B**, and **C**) and PC-3 (**D**, **E**, and **F**) cells after 16 hours incubation with GQDs.

**Notes:** GQDs are shown in the green channel, whereas the lysosomes of the cells are shown in the red channel. An overlay of both channels is also presented. Scale bar: 50 µm.

**Abbreviation:** GQDs, graphene quantum dots.

###### 

Confocal laser scanning microscope images of DU-145 (**A** and **B**) and PC-3 (**C** and **D**) cells treated with free Dox at a concentration of 2.5 µg/mL after 2 and 8 hours incubation.

**Notes:** (a) Blue regions are cell nuclei stained with DAPI excited by a 405 nm laser. (b) Red regions are Dox excited by a 488 nm laser. (c) Merged cells. Scale bar: 50 µm.

**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; Dox, doxorubicin.

###### 

Dox-loading efficiency onto Dox-GQDs and Dox-RGD-GQDs

                                     Dox-GQDs   Dox-RGD-GQDs
  ---------------------------------- ---------- --------------
  Load efficiency (µg Dox/mg GQDs)   109        101

**Abbreviations:** Dox, doxorubicin; GQDs, graphene quantum dots; RGD, arginine-glycine-aspartic acid.
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![Schematic illustration of the geometry of multifunctional GQDs for the traceable, targeted delivery of anticancer drugs and their interactions with cancer cells.\
**Abbreviations:** Dox, doxorubicin; EDC/NHS, 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide and *N*-hydroxysuccinimide; GQD, graphene quantum dot; RGD, arginine-glycine-aspartic acid.](ijn-10-6709Fig1){#f1-ijn-10-6709}

![Physicochemical characterization of GQDs.\
**Notes:** (**A**) GQDs dispersed in PBS and illuminated with sunlight (left) and UV light (right). (**B**) PL spectrum of GQDs excited at wavelengths from 365 to 543 nm. (**C**) PL spectrum of GQDs under different pH values. (**D**) Transmission electron microscope image of GQDs. Insets are high-resolution transmission electron microscopy image (left) and the corresponding fast Fourier transform pattern (right). (**E**) Lateral size distribution of GQDs. (**F**) Fourier transform infrared spectrum of GQDs.\
**Abbreviations:** GQDs, graphene quantum dots; PBS, phosphate-buffered saline; PL, photoluminescence.](ijn-10-6709Fig2){#f2-ijn-10-6709}

![Viability studies of GQDs performed in DU-145 (**A**, **B**, and **C**) and PC-3 (**D**, **E**, and **F**) prostate cancer cell lines.\
**Notes:** The quantification of viable cell number upon 24 h exposure to different concentrations of GQDs was performed with a CCK-8 kit (**A** and **D**). Specific staining of live (green) and dead (red) cells (**B** and **E**) was also performed after 24 h incubation with 200 µg/mL GQDs concentration. The corresponding images of the stained cells with transmitted light are also presented (**C** and **F**). The scale bars of figures **B**, **C**, **E**, and **F** represent 50 µm.\
**Abbreviations:** GQD, graphene quantum dot; h, hours.](ijn-10-6709Fig3){#f3-ijn-10-6709}

![Optical properties of plain and functionalized GQDs.\
**Notes:** (**A**) Ultraviolet-visible spectra of GQDs, free Dox, Dox-loaded GQDs (Dox-GQDs), and Dox-loaded RGD-modified GQDs (Dox-RGD-GQDs). (**B**) PL spectra of Dox-RGD-GQDs excited at 400 and 499 nm.\
**Abbreviations:** Dox, doxorubicin; GQDs, graphene quantum dots; PL, photoluminescence; RGD, arginine-glycine-aspartic acid.](ijn-10-6709Fig4){#f4-ijn-10-6709}

![Kinetics of Dox release from Dox-RGD-GQDs at different pH values.\
**Notes:** The values were obtained upon measuring the PL from the filtered solution (released Dox) and extrapolating the results to a calibration curve.\
**Abbreviations:** Dox, doxorubicin; GQDs, graphene quantum dots; PL, photoluminescence; RGD, arginine-glycine-aspartic acid.](ijn-10-6709Fig5){#f5-ijn-10-6709}

![Viability tests of DU-145 (**A**), PC-3 (**B**), and MC3T3-E1 (**C**) cells after 24 hours incubation with free Dox, Dox-GQDs, and Dox-RGD-GQDs at different Dox concentrations.\
**Abbreviations:** Dox, doxorubicin; GQDs, graphene quantum dots; RGD, arginine-glycine-aspartic acid.](ijn-10-6709Fig6){#f6-ijn-10-6709}

![Confocal laser scanning microscope images of DU-145 (**A**, **B**, and **C**) and PC-3 (**D**, **E**, and **F**) cells treated with Dox-RGD-GQDs after incubation for 2, 8, and 16 hours at a Dox concentration of 2.5 µg/mL.\
**Notes:** (a) GQDs excited by a 405 nm laser. (b) Dox excited by a 488 nm laser. (c) Merged images of GQDs and Dox. (d) Enlarged images of single cells from (c). (e) Fluorescence intensity of GQDs and Dox across the cell. Scale bar: 50 µm.\
**Abbreviations:** Dox, doxorubicin; GQDs, graphene quantum dots; PL, photoluminescence; RGD, arginine-glycine-aspartic acid.](ijn-10-6709Fig7){#f7-ijn-10-6709}

![DU-145 (**A**, **B**, and **C**) and PC-3 (**D**, **E**, and **F**) cells were treated with Dox-RGD-GQDs for 2, 8, and 16 hours.\
**Notes:** (a) Dox excited by a 488 nm laser. (b) Cell nuclei stained with DAPI excited by a 405 nm laser. (c) Merged images of Dox and DAPI. Scale bar: 50 µm.\
**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; Dox, doxorubicin; GQDs, graphene quantum dots; RGD, arginine-glycine-aspartic acid.](ijn-10-6709Fig8){#f8-ijn-10-6709}
